This review addresses the design and synthesis of synthetic glycopolymers. Glycopolymers with pendant saccharides exhibit high affinities for proteins owing to their multivalency. Glycopolymers have molecular recognition abilities and amphiphilicity and can be applied as biomaterials and in bioassays. Most synthetic glycopolymers are prepared from polymerizable saccharide derivatives, and the rest are prepared by saccharide addition to a polymer backbone. Because sugar-recognizing proteins have precise structures, the living polymerization of glycopolymers is important in the fabrication of well-defined multiple ligands of saccharides. Glycopolymers with narrow polydispersity are useful for determining the interactions between saccharides and proteins. The living polymerization of glycopolymers provides hybrid materials by the terminal modification of the polymers. The glycopolymers of block polymers, star polymers and polymer brushes have been investigated for use in novel biomaterials.
INTRODUCTION
Much attention has been given to saccharides on cell surfaces because of their biological functions. 1, 2 Protein-saccharide interactions have important roles in cell adhesion, cell differentiation and infection by pathogens such as viruses and protein toxins (Table 1) . Proteinsaccharide interactions therefore can be applied as biomaterials in tissue engineering, 3 drug delivery, 4,5 biosensors 6 and medicine. 7 Protein-saccharide interactions are also important in terms of proteome analyses. 8 It is well known that protein-saccharide interactions are amplified by the saccharide-assembly structure of glyco-clusters. Monomeric saccharide interactions are weak because protein-saccharide interactions feature weak interactions such as hydrogen bonding and chelation with ions and not strong interactions such as hydrophobic and electrostatic interactions. Saccharide-recognizing proteins (lectins) have multiple sugar-binding sites. 9 Protein-saccharide interactions are related to pathogens such as influenza viruses, HIV viruses, Shiga toxins (from Escherichia coli O-157:H7), and cholera toxins, all of which have densely packed saccharide-recognizing sites. 1, 2, [9] [10] [11] The lectin most frequently used in research studies is concanavalin A (ConA), which can recognize a-Man/a-Glc. ConA has a tetrameric structure, with four sugar-binding domains; 9-11 the mannose assembly interacts with several sugar domains and therefore interacts strongly with ConA.
Lee and Lee 12 were the first to report that sugar assemblies (glycoclusters) strongly bind to proteins. Artificial branched saccharides were prepared and used to investigate interactions with lectins and hepatocytes. They found that the interactions between sugars and proteins and/or cells are much affected by the sugar density. They called this multivalent interaction the 'glyco-cluster effect' . Various glyco-clusters have been reported, such as glycopeptides, 13 glycomodified-cyclodextrins, 14 and polymers with pendant saccharides. Compared with low-molecular-weight rigid glyco-clusters, polymers with pendant saccharides exhibit large protein-binding abilities.
Polymers with pendant saccharides are called 'glycopolymers' . Glycopolymers usually exhibit strong interactions because of their high multivalency. In addition, glycopolymers have the appropriate physical properties and material workability to engage in strong interactions. Glycopolymers are prepared from natural and synthetic polymers by several methods (Figure 1 ). [15] [16] [17] [18] Some glycopolymers have been prepared by polymer reactions with natural products, such as polyglutamate 19 and alginate, 20 and synthetic polymers, such as polyacrylate. 21, 22 Natural products such as polyglutamic acid and polyalginate have the advantages of biocompatibility and biodegradability, which make them suitable for drug delivery and tissue engineering. Glycopolymers have also been prepared by the polymerization of saccharide derivatives with polymerizable functional groups 15 such as vinyl and norbornene. 23 Some groups have reported the syntheses of glycopolymers by two-step reactions: a first reaction consisting of polymerization with reactive functional groups on sidechains and a second reaction in which sugar is added to the polymer. 16, [24] [25] [26] Chemically polymerized glycopolymers present many advantages as the components of various materials because of the availability of polymer-chemistry techniques; indeed, block copolymers and graft polymers of glycopolymers have been reported. [27] [28] [29] Recent advances in synthetic polymer chemistry have encouraged the synthesis of precise and complex glycopolymers. Because proteins are also polymers with precise structures, control over glycopolymer size and sugar density affects their saccharide biofunctionality. Glycopolymer hybrid materials can be used as novel biomaterials. Precisely synthesized glycopolymers therefore have great potential for use as novel biomaterials. In this review, we focus on glycopolymers, particularly those containing synthetic polymers.
GLYCOPOLYMER DESIGN IN TERMS OF MULTIVALENCY
Monovalent and multivalent ligands differ fundamentally from each other (Figure 2a) . 12, 30, 31 Recently, it has been noted that multivalent interactions provide a ubiquitous approach to amplifying biological interactions because lectins, antibodies and receptor proteins have multiple binding sites. [32] [33] [34] [35] All of the ligands in a multiple ligand do not always bind to proteins; thus, the cooperativity of multiple ligands is determined by the protein-binding contribution. 
Cholera toxin GM1: Galb1-3GalNAcb1-4 (Neu5Aca3)Galb1-4GlcCer (Figure 2b ). Glycopolymers provide multiple binding and diverse binding, and these contribute to gains in both enthalpy and entropy. 34, 38 Multiple binding is strongly affected by the structures of the sugarrecognizing sites of lectin (Figure 2c ). [9] [10] [11] The distances between the sugar-binding sites and the number of sugar-binding sites are different for each lectin. For example, the distance between the sugar-binding sites in ConA is approximately 8 nm, but that in Shiga-toxin-1 is approximately 1.5-3 nm. 38, 39 There are four sugar-binding sites in ConA but ten in Shiga-toxin-1. The sugar content of a glycopolymer is related to the saccharide distance; therefore, a glycopolymer with a sugar content that is too dense does not perform as well in recognizing lectin. 40, 41 An appropriate linker structure and polymer mobility are also important. In some cases, glycopolymers with larger molecular weights showed greater molecular-recognition ability as a result of binding to two sugar-recognition sites. 42 It has been reported that a glycopolymer with a stiff backbone and linker does not bind to lectin 43 and, conversely, that a glycopolymer of polyrotaxane shows an improved molecular recognition ability as a result of sugar mobility. 44 EARLY WORK ON GLYCOPOLYMERS, AND THEIR PHYSICOCHEMICAL PROPERTIES Synthetic glycopolymers were first reported by Kobayashi et al. 45 they consisted of polystyrene with a pendant lactose, poly(N-vinyl- (Figure 3 ). Kobayashi et al. 46 later reported on the strong binding of PVLA with hepatocytes and Gal-recognition lectins based on the multivalent binding of saccharides. They also reported the application of PVLA in hepatocyte cultures and in drug-delivery systems. In the early days of glycopolymer research, Whiteside et al. 21, 30, 47 reported the synthesis of glycopolymers of poly(acrylic acid) derivatives with sialic acid, which showed strong binding to influenza viruses. They also suggested the concept of multivalent binding. Other groups also reported glycopolymer binding to various targets such as bacteria 48 and RNA. 49 Early work on glycopolymers showed that glycopolymers had strong molecular-recognition abilities compared with monovalent ligands and multivalent ligands with lowmolecular-weight, rigid structures.
The physicochemical properties of glycopolymers have also been investigated. Glycopolymers essentially have an amphiphilic structure, with a hydrophobic C-C backbone and hydrophilic saccharide side-chains. The self-assembling properties of the amphiphilic glycopolymer PVLA have been investigated. It was found that PVLA selfassembled as micelles, which are adsorbed at hydrophobic interfaces. 50 A glycopolymer with a styrene backbone was observed to form rodlike structures in solution as a result of the isotacticity of the polymer backbone and the amphiphilicity. 51, 52 Rod-like glycopolymers involve a hydrophobic guest; thus, they can be used in drug-delivery systems with hydrophobic medicinal compounds. We also found that glycopolymers can interact with hydrophobic p-conjugated polymers to form polymer nanowires by polymer-polymer complexation. 53 Glycopolymers also adsorb onto hydrophobic interfaces as a result of hydrophobic interactions; this provides a biological interface that can be created by a facile coating process. 54, 55 The adsorption of glycopolymers to interfaces such as hydrophobic polymer interfaces, self-assembled monolayers and micropatterned substrates provide cell-cultivation materials and biosensing interfaces.
GLYCOPOLYMERS VIA LIVING POLYMERIZATIONS
Synthetic glycopolymers can be precisely prepared by living radical polymerizations ( Figure 4 ). [56] [57] [58] [59] [60] The vinyl derivatives of saccharides can be polymerized by living radical polymerization. Even when the monomer structure of the glycopolymer is bulky with high steric hindrance, recent advances in polymer chemistry have enabled the living radical polymerization of glycopolymers via various techniques such as nitroxide-mediated radical polymerization, 61 atom-transfer radical polymerization (ATRP), 62, 63 and reversible addition-fragment chain transfer (RAFT) polymerization. 64 Ohno et al. 65, 66 first reported the living radical polymerization of a glycopolymer using nitroxide-mediated polymerization. They polymerized N-vinyl-benzyl-O-b-D-galactopyranosyl-(1-4)-D-gluconamide (VLA) and acetylated VLA (AcVLA). The living radical polymerization was successfully accomplished using di-tert-butyl nitroxide in DMF, and the protected glycopolymers showed higher conversions compared with conversion using 2,2,6,6-tetramethylpiperidine 1-oxyl (TEMPO). The nitroxide-mediated living radical polymerization of glycopolymers showed a time-dependent increase in molecular weight. The researchers were able to produce glycopolymers with defined molecular weights, which enabled the analysis of glycopolymer conformations. 67 Other groups also reported nitroxidemediated living radical polymerizations. [68] [69] [70] [71] [72] Most of the monomers that have been used are styrene derivatives of saccharides with protected groups. For example, Kakuchi et al. [70] [71] [72] [73] reported the TEMPO-mediated living radical polymerization of glycopolymers of Design and synthesis of glycopolymers Y Miura 4-vinylbenzyl pentaacetate glucose. They synthesized homopolymers and block copolymers with polystyrene. Star-shaped block copolymers of polystyrene and glycopolymers were also synthesized with a divinyl benzoate cross-linker.
ATRP is another notable method used for living radical polymerization, in which a metal complex at the polymer-chain terminal mediates the controlled polymerization. ATRP is affected by the type of ligand, the metal, the initiator and the solvent. Ohno et al. 73 also first reported the living radical polymerization of 3-O-methacryloyl-1,2,5,6-di-O-isoproylidine-D-glucoside with an alkyl halide/copper complex system. The homopolymer and block copolymer with polystyrene were synthesized by ATRP in high yields. Narain and Armes 27,74 reported living radical polymerization by ATRP using two unprotected monomers of 2-gluconamidoethyl methacrylate and 2-lactobionamidoethyl methacrylate. Narain and Armes synthesized glycopolymers with CuBr and 2,2-bipyridine with a macroinitiator of poly(ethylene oxide), poly(propylene oxide) or poly (e-caprolactone) in methanol and aqueous solutions. The synthesis was dependent on the solvent system, and the glycopolymers were obtained in high yields in aqueous solutions. They also synthesized block copolymers with methacrylate derivatives. Other groups also reported the living radical polymerization of glycopolymers and synthesized various glycopolymers, including block copolymers, 27, 74, 75 hyperbranched polymers 76 and star polymers. 77, 78 The advantage of ATRP is the versatility of the initiator design, which enables the synthesis of various types of polymers. The immobilization of the initiator on a substrate enables the formation of densely packed polymer brushes, [79] [80] [81] and special bioconjugate initiators have also been reported. Glycopolymer brushes synthesized by ATRP engage in specific interactions with proteins and cells; this is discussed in a later section.
RAFT is another living radical polymerization method. RAFT polymerization involves the addition of a thiocarbonyl RAFT reagent. McCormick et al. 82 first synthesized glycopolymers of 2-methacryloxyethyl glucoside with RAFT reagents. RAFT affords the living radical polymerization of various monomers such as styrene, 83, 84 methacrylate, [85] [86] [87] [88] [89] [90] acrylamide, 91 acylate 92 and vinyl acetate 93 derivatives of saccharides. More diverse monomers can be synthesized through RAFT than through ATRP or nitroxide-mediated living radical polymerization. For example, the vinyl ester derivative of the glycomonomer 6-vinyladipoyl-D-glucopyranoside was successfully polymerized with the RAFT reagent 4-cyano-4-diethylthiocarbamoylsulfanyl-4-methylbutyric acid. 93, 94 Another advantage of RAFT polymerization is the use of polymer terminals, 95 where terminal dithioesters and trithioesters are easily converted into thiol groups. The reactive functional thiol end is available for Au-S bond formation; 96 Michael addition with maleimide and thiol-ene reactions 97, 98 provide versatile hybrid glycopolymer materials. 
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Recently, glycopolymer synthesis via living radical polymerization and a subsequent polymer reaction was reported. The polymerization of a glycomonomer is more difficult than that of a simple monomer because of the steric hindrance of the side-chain, and glycopolymer yields are usually low. One solution to the difficulty of such polymerizations is a sophisticated living radical polymerization. Another solution is the polymerization of a functional monomer with a reactive side-chain that is smaller than a saccharide. Haddleton et al. 15 prepared and polymerized acetylene-substituted methacrylate, and the obtained polymer was modified with saccharides containing azide groups by click chemistry. Bertozzi et al. 26 prepared and polymerized a ketone-substituted methacrylate, and the obtained polymer was conjugated with aminooxy saccharides. Kaminati et al. 99 reported the synthesis of polymer brushes of a polyacylate with aminooxy side-chains, and the obtained polymer brush was reacted with the reductive terminal of a saccharide. Boyer et al. 97 reported that an activated ester of acrylic acid can be polymerized by living polymerization; in their work, a saccharide with an amine was modified by amide-bond formation. You et al. 100 reported the polymerization of butadiene and glycopolymer preparation by a thiolene reaction with 1,2,3,4,6-tetra-O-acetyl-a-D-1-thioglucopyranose. A combination of living radical polymerization and a polymer reaction is a facile method of preparing fine-tuned glycopolymers. Ring-opening olefin metathesis polymerization (ROMP) with succinimide and sugar addition also provides fine-tuned glycopolymers. 101 ROMP provides fine-tuned glycopolymers 102 and is advantageous in the synthesis of fine-tuned glycopolymer because it is tolerant of bulky side-chains and harsh solvents. ROMP also provides glycopolymers with narrow polydispersity in a living manner. Kiessling et al. 103, 104 reported the synthesis of various glycopolymers by ROMP. The glycopolymers synthesized by ROMP provided synthetic glyco-clusters with fine-tuned densities and molecular weights. They reported that differences in the molecular weight, polymer backbone, and polydispersity of the glycopolymers affected the polymers' specific binding to lectin. 103 Polymer binding to lectin was affected not only by multivalency and cooperativity but also by the kinetics and mobility of the glycopolymer.
The advantage of living polymerization is that it provides precise glycopolymer characteristics such as molecular weights with narrow polydispersities and random saccharide spacing ( Figure 5 ). As shown in Figure 2 , the biological abilities of glycopolymers depend on lectin properties such as the structures of the sugar-binding sites, the distances between sugar-binding sites, and the receptor distribution in the cell membrane. The living polymerization of glycopolymers allows for the analysis of saccharide-protein interactions and control of biological functions based on the use of precise structures. In the case of free-radical polymerization, it is difficult to obtain glycopolymers with narrow polydispersity and uniform saccharide spacing and therefore difficult to determine the detailed interactions that occur between proteins and saccharides, although glycopolymers obtained via free-radical polymerization show strong molecular recognition. The living polymerization of glycopolymers can reveal the structures of sugar-binding sites, the distances between sugar-binding sites, and their distribution. Thus, living polymerization is useful for the proteomic analysis of proteins with unknown structure and functions. Kiessling et al., Haddleton et al., and we have investigated lectin binding with fine-tuned glycopolymers obtained via living polymerization. Kiessling et al. 105 synthesized glycopolymers containing mannose of various molecular lengths (molecular weight) and sugar densities by ROMP and investigated ConA binding ( Figure 6 ). Glycopolymers with different degrees of polymerization (DPs) showed different binding affinities. Polymers with DPs over 50 showed affinities that were over 100-fold stronger than those with DPs of 7. The DP decides the molecular length of a polymer, and longer polymers show stronger affinities as a result of bivalent binding. Glycopolymers with different sugar densities were also synthesized; glycopolymers with higher sugar densities showed better affinities, although too high a sugar density is unfavorable because it causes negative multivalent effects. 103 Haddleton et al. 15, 106 synthesized glycopolymers by living radical polymerization and click chemistry. They connected two types of saccharides of mannose and galactose to change the density of one sugar. The binding affinity of a glycopolymer to ConA depends on the corresponding saccharide density of mannose. We synthesized PVLA by nitroxide-mediated living radical polymerization. We synthesized glycopolymers with various molecular weights, and glycopolymers with larger DPs showed better binding to RCA 120 lectin. 42 In the cases of ConA and RCA 120 , the distances between sugar-binding sites were approximately 6-10 nm; thus, a glycopolymer with a sufficient DP can show strong bivalent binding. 
These examples suggest that glycopolymers synthesized by living radical polymerization control sugar clusters and regulate their own molecular-recognition ability. Kiessling et al. 107 also reported the molecular-recognition abilities of glycopolymers with various polymer backbones using ConA. They synthesized various glycopolymers with polynorbornene, poly(ethylene-maleic anhydride), and polyamidoamine dendrimeric backbones, and other multivalent glyco-clusters of globular proteinconjugates and small synthetic multivalent ligands. It was observed that the molecular-recognition abilities of glycopolymers and other multivalent ligands depended on the shape, size, and density of saccharides because saccharide-protein-recognition events are related to various binding modes, including multivalent binding to lectin and lectin clustering. The results indicated that multivalent interactions and molecular dynamics, based on the backbone structure, are both important in molecular recognition.
Kiessling et al. also reported glycopolymers that interact with receptors on cell surfaces and suggested the potential application of these glycopolymers for controlling cell functions using multivalent interactions ( Figure 6 ). Kiessling et al. investigated the communication of receptor proteins on cell surfaces using glycopolymers and also reported the interaction of a Gal-carrying glycopolymer with E. coli, in which the glycopolymer interacts with receptors on the cell surfaces. The Gal-recognition receptor showed clustering caused by the interactions of the glycopolymer, which changed the migration properties. The glycopolymer also induced the clustering of other receptors due to interactions with Gal receptors and inter-receptor communication. 104 The researchers also examined an end-functionalized glycopolymer to monitor the cell behavior, where the glycopolymer terminal was conjugated and fluorescent. 108 Glycopolymers carrying sulfonated saccharides showed affinities for L-selectin and T-cells (Jurkat cells).
Glycopolymers with precise structures showed specific interactions with disease proteins. The binding properties suggest the biofunctionality of the disease proteins. We found that protein binding depends on the molecular weight and sugar density 42 and reported glycopolymers carrying sulfonated GlcNAc produced by RAFT living radical polymerization, which interact with Alzheimer's amyloid b-protein (Ab) to inhibit protein aggregation. 109, 110 The interaction with Ab was dependent on the molecular weight and sugar density, and lowmolecular-weight glycopolymers showed better inhibitory effects. Haddleton et al. 111 reported detailed interactions with lectins. Glycopolymers containing a-Man showed an affinity for DC-SIGN of the mannose-recognizing protein and inhibited interactions with glycoprotein gp120 from the HIV virus. The interactions with DC-SIGN varied with the sugar ratio, and a high Man ratio in the polymer produced a better affinity for DC-SIGN.
Glycopolymers prepared precisely via living polymerization provided fine-tuned saccharide spacing and glyco-cluster size; these revealed the functionality of the saccharide. Understanding the interactions between receptor proteins and other membrane proteins are the key to understanding biological signals. Using artificial glycopolymer ligands, the influence of saccharide clusters on the protein receptor and other receptors was easily investigated using fine-tuned glyco-clusters. The density and polymer molecular weight directly influenced cell avidity, protein recognition, pathogen binding, and receptor communication.
SYNTHESIS OF FUNCTIONAL GLYCO-MATERIALS VIA LIVING POLYMERIZATION
The living polymerization of glycopolymers is advantageous in preparing various complex polymers and hybrid materials (Figure 7) , that is, the living polymerization of glycopolymers enables the synthesis of polymers with complex structures. Living polymerization can promote conjugation with other materials such as grafted substances, 77, 112, 113 nanocarbones, 114, 115 and nanoparticles. 116 The conjugation of glycopolymers with other materials provides additional functionalities. Glycopolymer conjugation with gold nanoparticles, 117 quantum dots 118 and fluorophores 106 provide photochemical properties, which can be used in bioassays, and conjugation with gold and silicon substrates provides electrochemical properties, which can be used in biosensors and other devices. Block copolymers and star
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Nanocarbon Conjugate Polymer Brush 27, 74 reported the synthesis of biocompatible block copolymers by ATRP using glycopolymers and poly(ethylene oxide). Glycopolymers with hydrophobic segments such as polystyrene, 70, 72 PMMA, 117 and biodegradable polyesters 77, 119, 120 formed amphiphilic molecules that form micelles and particles. A star initiator was used for the synthesis of various glycopolymers, and star glycopolymers with poly(e-caprolactone) were produced for the synthesis of biodegradable glycopolymers, which could be applied to deliver the drug doxorubicin. 77, 119, 120 A block glyco-copolymer with oligo(polyethylene glycol), synthesized by ATRP and RAFT polymerization, showed stimuli-responsive properties. 85 We have reported the living radical polymerization of glycopolymers by the RAFT method (Figure 8 ) using p-acrylamidophenyl a-Man and b-GlcNAc, in which the molecular terminals of the glycopolymers were reduced to thiol groups. 121, 122 The thiol-terminated glycopolymers easily modified gold nanoparticles and gold substrates via Au-S bond formation. The glycopolymer-modified gold nanoparticles exhibited biological recognition in reacting to proteins and bacteria. The gold nanoparticles showed a sensitive color change as a result of the aggregation of nanoparticles via protein-saccharide interactions; this color change was observed to be protein-specific. Thiol-terminated glycopolymers can modify gold substrates to provide biointerfaces, and the glycopolymer-modified gold substrates can form a polymer membrane with a pancake-like structure, which shows strong lectin affinity. The obtained gold nanoparticles and substrates are used as biosensors in lateral-flow assays and electrochemistry. 123, 124 The glycopolymer-modified substances showed large bioaffinities as a result of their multivalency, and they exhibited high specificities because the glycopolymer is bioinert, except toward lectin because of its high hydrophilicity.
Narain et al. 27, 74, 86, 114, 116 reported various glycopolymers using ATRP and RAFT polymerization. They synthesized glyco-nanoparticles of 2-gluconamidoethyl methacrylate and 2-lactobionamidoethyl methacrylate to achieve biocompatibility. They synthesized block copolymers with cationic 3-aminopropyl methacrylamide monomers, and the polymer showed permeability to and biocompatibility with human cell lines. 125, 126 Glyco-nanoparticles with cationic segments and biotin were observed to be efficient transfection carriers. Glycopolymer-modified gold nanoparticles were also synthesized using RAFT terminals to prepare glycopolymer-substituted gold nanoparticles with biorecognition abilities and biocompatibilities.
The bioconjugation of glycopolymers was investigated by living polymerization. Maynard et al. 127 synthesized bioconjugated glycopolymers using biofunctionalized initiators. They synthesized a peptide initiator in which the Ser residue was modified as the initiator and polymerized a glycopolymer carrying GlcNAc. They also synthesized glycopolymers using a biotin derivative as an initiator and synthesized biopolymer conjugates of RNA and proteins using disulfide-exchange reactions. 128 Gupta et al. 129 synthesized glycopolymer conjugates with viral surfaces. The capsid protein of the virus was modified with an azide and connected with a glycopolymer by click chemistry. The obtained polymer was labeled with a fluorophore, and the modified virus was visualized using fluorescence.
Whittaker et al. 130 Figure 8 (a) Glycopolymer-modified gold nanoparticles synthesized via reversible addition-fragment chain-transfer living radical polymerization and applications to biosensing; (b) colorimetric changes of gold nanoparticle with glycopolymer by the addition of 1 mM ConA.
Design and synthesis of glycopolymers Y Miura click chemistry. These researchers synthesized copolymers of dimethylaminoethyl acrylate, trifluoroethyl acrylate and ethyleneglycol dimethacrylate, incorporating an alkyne terminal. The obtained polymer terminal was modified with a-mannose via click chemistry. The obtained hyperbranched polymer showed a specific affinity for kidney cells, and kidney cells were visualized by F-19 magnetic resonance imaging using the hyperbranched glycopolymer. Using a modified initiator or immobilized initiator, various glycopolymer brushes were prepared on various materials. Using a hydrophobic initiator, a glycopolymer was synthesized to modify carbon nanotubes, and the carbon nanotubes were solubilized by the glycopolymer brushes. 115, 116 Bertozzi et al. 131 prepared glycopolymer-modified nanotubes using a C18-tailed initiator and were able to modify the carbon nanotubes based on amphiphilicity. The polymer-modified nanotubes were soluble in aqueous solutions, and the modified carbon nanotubes showed efficient incorporation of nanotubes into cells as a result of the molecular-recognition abilities of saccharides.
The glycopolymer brushes were prepared on the interface by a grafting-from method, in which more densely packed brushes were formed than in the grafting-to method. 132 The modification of substances with polymer brushes imparts biological recognition abilities to lectins, cells, and bacteria. Glycopolymer brushes have been fabricated on various substrates, 99 such as flat substrates, porous substrates, and particles by the immobilization of an initiator. 112, [133] [134] [135] [136] Glycopolymer brushes exhibit biological recognition abilities, and the molecular-recognition abilities of the brushes are amplified by the glyco-cluster effect. 134, 136 The brushes also show bioinert surface properties, which assist the fabrication of biomaterials designed to induce specific interactions; 135 for example, a peptide was immobilized with a glycopolymer brush, which showed specific biological recognition. 136 Molecular-recognition abilities and bioinert properties are affected by density and layer thickness; these can be precisely controlled by a surface-initiated living polymerization method. The incorporation of glycopolymers onto these substrates has been observed to induce specific recognition abilities and will be used in various biological devices such as cell-cultivation systems, diagnostic devices and affinity-purification membranes in the near future. The fabrication and detailed analyses of the substrates are still being examined by many groups worldwide.
CONCLUSION
Glycopolymers are interesting materials as models of glycoproteins, glycolipids, and polysaccharides. On the basis of multivalent proteinsaccharide interactions, it is possible to synthesize materials with affinities for proteins, cells, and pathogens. The polymer components of glycopolymers are also important because they can be controlled by polymer chemistry, unlike those of other artificial glyco-clusters. The living polymerization of glycopolymers allows for the fine-tuning of saccharide distances and molecular weights. These precisely structured glycopolymers are useful in identifying saccharide functions for the analyses of receptor proteins on cell surfaces and glyco-cluster effects in living systems. In addition, living polymerization is useful in synthesizing polymers with special structures, such as block and star polymers, and hybrid polymer materials, such as bioconjugates and polymer brushes. Block and star polymers of glycopolymers exhibit molecular-recognition abilities, biocompatibility and biodegradability. Hybrid materials with other substances show hydrophilicity, molecular recognition abilities, and biocompatibility. Glycopolymers combined with other substances can be used to synthesize biofunctional materials for applications in tissue engineering, drug-delivery systems, and biosensing. I believe that living polymerization provides a practical route for synthesizing glycopolymers with novel structures that exhibit useful functions as biomaterials.
